Abstract The adrenal medullary tissue contributes to maintain body homeostasis in reaction to stressful environmental changes via the release of catecholamines into the blood circulation in response to splanchnic nerve activation. Accordingly, chromaffin cell stimulus-secretion coupling undergoes temporally restricted periods of anatomo-functional remodeling in response to prevailing hormonal requirements of the organism. The postnatal development of the adrenal medulla and response to stress are remarkable physiological situations in which the stimulus-secretion coupling is critically affected. Catecholamine secretion from rat chromaffin cells is under a dual control involving an incoming initial command arising from the sympathetic nervous system that releases acetylcholine at the splanchnic nerve terminal-chromaffin cell synapses and a local gap junction-mediated intercellular communication. Interestingly, these two communication pathways are functionally interconnected within the gland and exhibit coordinated plasticity mechanisms. This article reviews the physiological and molecular evidence that the adrenal medullary tissue displays anatomical and functional adaptative remodeling of cell-cell communications upon physiological (postnatal development) and/or physiopathological (stress) situations associated with specific needs in circulating catecholamine levels.
Introduction
In mammals, catecholamine secretion from adrenal chromaffin cells represents an ubiquitous mechanism helping the organism to cope with stressful situations. Once delivered into the blood circulation, these stress mediators exert multiple actions in particular on the cardiovascular system, leading to appropriate adjustments of blood pressure and cardiac rhythm, and on the energy metabolism, enabling the organism to cope with a threat for its survival.
Adrenal catecholamine release results from the coordination of two input pathways. The initial incoming neurogenic command comes from the sympathetic nervous system that releases acetylcholine at splanchnic nerve terminals synapsing onto chromaffin cells (Douglas 1968; Wakade 1981; reviewed in de Diego et al. 2008 ). This traditional view of stimulus-secretion coupling in adrenal chromaffin cells prevailed during many decades, but has been recently revisited in the light of new data. Thus, gap junctional coupling between chromaffin cells has entered the fray as a novel protagonist involved in catecholamine release. Indeed, although electrical discharges invading the splanchnic nerve endings are the major physiological stimulus triggering catecholamine release in vivo, compelling evidence coming from studies in acute adrenal slices indicates that a local communication mediated by gap junctions between chromaffin cells represents a functional route by which biological signals (i.e. electrical activity or changes in intracellular Ca 2? concentration) propagate between adjacent cells and subsequently contribute to catecholamine release (Martin et al. 2001 ; reviewed in Colomer et al. 2009 ). The present review focuses on the anatomical and functional remodeling of these two cell-cell communication pathways in response to changing environmental conditions.
Remodeling of Adrenal Gap Junctional and Synaptic Communication During Postnatal Development
In the adrenal medulla, the neonatal period is marked by a switch from non-neurogenic to neurogenic control of catecholamine secretion. During this critical period, the medullary tissue undergoes persistent anatomical and functional remodeling that is crucial to the acquisition of the neurogenic control. Synaptogenesis in the adrenal medulla, which occurs during the first postnatal week (Slotkin 1986) , requires a finely tuned coordination between the gap junction-mediated electrical coupling and synaptic neurotransmission (Martin et al. 2005) , as is also observed in the developing central nervous system (Kandler and Katz 1995) .
Report on Gap Junction-Mediated Intercellular Coupling
Consistent with the fact that gap junction-coupled neuronal assemblies often precede the formation of synaptically connected neuronal networks, gap junction-mediated electrotonic and metabolic coupling is widespread among neonate adrenal chromaffin cells (Martin et al. 2003) . From a functional point of view, this results in synchronized signal propagation between nearby chromaffin cells, likely involved in the triggering of catecholamine release in neonates. Coinciding with the establishment of functional chemical synapses, the number of gap junctions between chromaffin cells decreases during postnatal development (*65% of coupled cells in newborn rats versus 40 and 20% in female and male adult rats, respectively, Martin et al. 2001 , Colomer et al. 2009 ). With regards to connexins, the basic building blocks of gap junctions, adult rat chromaffin cells express at least two connexins, Cx36 and Cx43 (Martin et al. 2001; Colomer et al. 2008a , reviewed in Colomer et al. 2009 ). Whether the expression pattern of connexins in neonate chromaffin cells differs from adults remains to be investigated.
Report on Cholinergic Synaptic Transmission and Cholinergic Receptors
Although pre-and post-synaptic elements are already present prenatally (Daikoku et al. 1977) , synaptic transmission between the splanchnic nerve terminals and chromaffin cells is not fully competent at birth. A functional neuronal connection is observed on postnatal day 2 (Parker et al. 1988) , and it completely matures during the first postnatal week (Slotkin 1986 ). In rat, maturation of cholinergic synaptic transmission results in a twofold increase in synaptic current amplitude without significant change in synaptic current frequency (Martin et al. 2005) . At rat splanchnic nerve-chromaffin cell synapses, postsynaptic nicotinic receptors (nAChRs) dominantly contribute to acetylcholine-mediated excitatory responses and ensuing secretion (Wakade and Wakade 1983) . Although neonate chromaffin cells express various nAChR subunits (a3, a5, a7, b2, and b4, Souvannakitti et al. 2010) , the full blockade of excitatory postsynaptic currents (EPSCs) by hexamethonium, an antagonist of neuronal a3-containing nAChRs (Xiao et al. 1998 ) strongly suggests that only a3 subunitcontaining nAChRs are activated in response to synaptically released acetylcholine (Martin et al. 2003) . This differs from adult chromaffin cells in which EPSCs are supported by the co-activation of both a3 (Barbara and Takeda 1996) , a7 (Martin et al. 2003 (Martin et al. , 2005 ) and a9-containing nAChRs (Colomer et al. 2010 (Oomori et al. 1998) . At birth, chromaffin cells display nicotine responses that are similar to those in adults.
Besides nicotinic cholinergic receptors, adrenal chromaffin cells also express muscarinic receptors (reviewed in Olivos and Artalejo 2008) . Muscarinic stimulus-secretion coupling contributes to the fine tuning of the catecholamine secretory response, at least in adults. Muscarinic regulation of stimulus-secretion coupling occurs both pre-and postsynaptically. Indeed, it has been proposed that activation of post-synaptic muscarinic receptors (likely m3 and m4 subtypes) facilitates catecholamine secretion by inducing a strong and long-lasting excitation of chromaffin cells (Barbara et al. 1998 ), thus favouring a tonic discharge of action potentials. As recently reported in rat adrenal medullary cells, this likely involves the inhibition of TWIKrelated acid sensitive K (TASK)1-like channels (Inoue et al. 2008) . In contrast, activation of pre-synaptic muscarinic receptors would reduce acetylcholine release, as evidenced by muscarine-induced decreased frequency and amplitude of synaptic currents (Barbara et al. 1998) . By uncoupling synaptic inputs from chromaffin cells and because they appear to be activated upon intense synaptic activity (Barbara et al. 1998 ), these presynaptic autoreceptors may act as a protectory feedback mechanism in response to large amounts of synaptically released ACh. What about muscarinic receptors in neonates? Adrenal chromaffin cells become sensitive to muscarinic stimulation from postnatal day 0 but exhibit only a low-to-moderate rise in [Ca 2? ]i in response to muscarinic receptor agonists, that gradually completes by the first postnatal week (Oomori et al. 1998) . This indicates that expression of adrenal muscarinic receptors parallels the maturation of neurogenic control. In addition, the expression level of muscarinic receptor transcripts seems to be unaffected by hypoxia (Ducsay et al. 2007 ), consistent with a minor contribution of muscarinic receptors at birth, as compared to the dominant contribution of nAChRs.
Developmental Switch from Electrical Coupling to Chemical Neurotransmission: the Key Role of Agrin As a common finding, the critical phase of synapse formation is accompanied by a switch from a predominant gap junction-mediated electrotonic coupling to a fully mature synaptic neurotransmission. The cellular mechanisms underlying this developmental switch in the adrenal medulla are not yet fully elucidated. Among possible candidates, the heparan sulfate proteoglycan agrin has been reported to play a pivotal role by modulating dualistically electrical and chemical synapses (Martin et al. 2005) . Indeed, agrin operates a rapid switch from gap junctionmediated electrical communication to synaptic transmission, thus promoting the acquisition of the neurogenic control of the stimulus-secretion coupling (Fig. 1) . In neonates, an acute agrin application first reduces by half the amplitude of junctional currents flowing between chromaffin cells within a few minutes, and second, it increases EPSC amplitude. This renders neonate chromaffin cells readily responsive to synaptically released neurotransmitters, while reducing information transfer through gap junctions. Although agrin-activated intracellular transduction mechanisms still remain to be investigated in the adrenal medulla, Martin et al. (2005) proposed that activation of Src kinases by agrin may cause tyrosinephosphorylation of Cx43, leading thus to a decrease in junctional communication (Lau et al. 1996) and may also tyrosine-phosphorylate the b subunit of a3-containing nAChRs (Wallace et al. 1991) , resulting in their clustering. Agrin-triggered a3 nAChR clustering could thereafter activate an intracellular signaling cascade that would in turn regulate other nAChRs such as a7-built nAChRs (Brumwell et al. 2002) , which is determinant for the negative control of the non-neurogenic response in neonates ). To date, the involvement of other factors in the adrenal medulla developmental switch from electrical to chemical coupling has not yet been reported.
Remodeling of Synaptic and Gap Junctional Communication: Adaptation to a Variety of Stressful Situations?
Remodeling at Birth: a Lesson from Hypoxic stress During the transition from intrauterine to air-breathing life, neonate rats are subjected to various stressors, including hypoxia, hypoglycemia, or glycopenia. During this period, the adrenal medulla exerts a very specific protective function enabling newborn mammals to survive, in particular against hypoxia. This involves a variety of respiratory, cardiovascular, and metabolic adjustments that are achieved by a massive release of equal amounts of adrenaline and noradrenaline from the adrenal gland (Seidler and Slotkin 1985) . In the absence of functional synapses originating from the splanchnic nerve in neonates (Slotkin 1986 ), this function is handled directly by chromaffin cells. Accordingly, neonatal chromaffin cells display a direct hypoxia-sensing mechanism, likely involving the mitochondrial electron transport chain (Nurse et al. 2006) , thus conferring on chromaffin cell the ability to respond directly to hypoxia by a non-neurogenic vital catecholamine surge at birth. Consistent with a non-neurogenic control of catecholamine secretion, neonatal chromaffin cell response to hypoxia is not blocked by an acute injection of a cholinergic antagonist, indicating that it relies on a direct sensitivity of chromaffin cells to hypoxia (Seidler and Slotkin 1985) . (Carabelli et al. 2007; Levitsky and López-Barneo 2009 ).
Hypoxia and Cholinergic Synaptic Transmission
Rat chromaffin cells are most sensitive to hypoxia in the perinatal period (Thompson et al. 1997) . The non-neurogenic response of the adrenal medulla, and the direct sensitivity of chromaffin cells to hypoxia is gradually lost (García-Fernández et al. 2007 ), as cholinergic innervation becomes fully competent, that is during the first post-natal week (Slotkin 1986 ). This also parallels a decrease in T-type Ca 2? channels density expressed at the plasma membrane (Levitsky and López-Barneo 2009) . The tight correlation between chromaffin cell innervation and oxygen sensitivity is emphasized by the observation that both chromaffin cell sensitivity to hypoxia and the expression of T-type Ca 2? channels reappear after adrenal gland denervation, suggesting that (i) these Ca 2? channels are essential for the chromaffin cell response to hypoxia and (ii) adrenal innervation by cholinergic splanchnic nerve fibers critically contributes to down-regulate expression of T-type Ca 2? channels (Levitsky and López-Barneo 2009). The sensitivity decrease to hypoxia is known to result from the activation of nAChRs since it can be accelerated by a treatment with nicotine ). Studies conducted in vitro indicate that the mechanisms involve the activation of a7-built nAChRs and, via a CaMkinase/PKC pathway, overexpression of K ATP potassium channels preventing hypoxia-induced depolarization and blunting catecholamine release (Buttigieg et al. 2008 ). Regarding expression of nAChRs, it has been recently reported that neonatal/fetal hypoxia down-regulates transcripts encoding nAChR subunits, including a3, a5, a7, b2, and b4 mRNAs in rat and a1, a7, b1 and b2 mRNAs in sheep (Ducsay et al. 2007 ), through mechanisms involving reactive oxygen species signaling (Souvannakitti et al 2010) . As long as hypoxia persits, neurogenic catecholamine secretion is impaired, consistent with an altered nAChR function in hypoxic chromaffin cells (Lee et al. 1995) . Interestingly, unlike nAChRs, expression of muscarinic receptors seems to be unaffected by hypoxia (Ducsay et al. 2007 ).
Hypoxia and Gap Junctional Coupling
A striking feature of neonate adrenal medulla is the predominant gap junction-mediated communication between chromaffin cells (Martin et al. 2003 (Martin et al. , 2005 . Whether gap junctional coupling is involved in hypoxic stress-induced chromaffin cell response remains to be investigated. However, it is noteworthy that Ca 2? ions, a messenger that is diffusible through gap junctions (Spray and Bennett 1985) , are involved in the non-neurogenic response to hypoxia (Mochizuki-Oda et al. 1997 ) and may therefore regulate gap junctional communication and related physiological function such as catecholamine secretion. Because the molecular determinants of hypoxia chemotransduction in neonatal adrenal chromaffin cells are not fully understood ), the involvement of other factors is highly plausible. Reactive oxygen species (ROS), messengers that can also diffuse through gap junctions (Upham and Trosko 2009) , could be one of these factors, as recently proposed (Thompson et al. 2007 ), although whether hypoxia increases or decreases ROS cell content is still controversial. Since only a proportion of chromaffin cells are sensitive to hypoxia in late embryos and neonates (García-Fernández et al. 2007) , it is reasonable to propose that gap junctional coupling, that is predominant in the newborn medulla, facilitates the spreading of the response from hypoxia-sensitive cells to the whole population of chromaffin cells, bringing all the cells to participate in the massive catecholamine release that is necessary to cope with hypoxia at birth. Accordingly, gap junctions would play a major role in the extent of the response of the adrenal medulla to the birth-related hypoxic stress.
Remodeling During Adulthood
Studies in stressed animals unveils that both gap junctional coupling and cholinergic synaptic neurotransmission undergo functional plasticity in adults. This is particularly obvious in response to chronic stress, a situation in which the organism demand in catecholamines becomes higher (Kvetnansky et al. 1978) . To ensure an appropriate catecholamine secretion, adrenal chromaffin cells adapt their stimulus-secretion coupling to become more efficient. In the case of a 5-day cold stress, for example, this is achieved by a simultaneous up-regulation of both gap junctionmediated communication and synaptic activity (Colomer et al. 2008a (Colomer et al. , 2008b (Colomer et al. , 2009 ). In addition, chromaffin cells excitability is increased, as evidenced by an increased mean spontaneous action potential discharge frequency (Colomer et al. 2008b) . Regarding gap junctional communication, cold stress induces the appearance of a robust electrical coupling between chromaffin cells that allows the transmission of action potentials between coupled cells. This enhancement of gap junctional communication parallels an increase in expression levels of Cx36 and Cx43 proteins, and Cx36 transcripts (Colomer et al. 2008a) . Cholinergic synaptic neurotransmission is also remodeled in stressed rats. First, the density of nerve fibers innervating the adrenal medulla is higher as compared to unstressed animals. This is consistent with the increased frequency of spontaneous EPSCs (Colomer et al. 2008b) . Second, the pharmacological profile of synaptic currents is modified. Consistent with a dominant expression of a3/b4 nAChRs in chromaffin cells (reviewed in Sala et al. 2008) , a3 subunitcontaining nAChRs are the main contributing channels to synaptic events in unstressed rats. By contrast, in cold exposed rats, a9-containing nAChRs dominantly contribute to acetylcholine-induced current (Colomer et al. 2010) , a3-containing nAChRs staying involved, but to a lesser extent. The dominant contribution of a9-containing nAChRs in cold stressed rats is associated with an overexpression of a9 nAChR transcripts and a preferential distribution of the a9 nAChRs at synaptic sites (Colomer et al. 2010) . To date, the contribution of muscarinic receptors in stress-induced remodeling of cholinergic synaptic transmission has not yet been reported. Do gap junctional and synaptic communication remodel in response to other stressors? We previously reported that they are both up-regulated in the adrenal medulla of rats exposed to a restraint stress, suggesting that the reshapes may occur in response to several stressors (Colomer et al. 2008b) . But because the intensity of stimulation of the adrenomedullary hormonal system is stressor specific (Goldstein and Kopin 2007) , it is likely that other adaptative mechanisms take place in the adrenal medulla, also enabling the organism to cope with stress. Regarding this, the critical role played by the neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP) as a sympathoadrenal co-neurotransmitter involved in the stimulus-secretion-synthesis coupling supporting stress responses is particularly relevant. PACAP not only crucially contributes to maintain epinephrine secretion upon prolonged metabolic stress in vivo (Hamelink et al. 2002) , but also stimulates catecholamine release under elevated splanchnic nerve firing (Kuri et al. 2009 ) and catecholamine biosynthetic enzymes in response to stress (Stroth and Eiden 2010) . Remodeling of gene expression is also an adaptive mechanism whereby the adrenal medullary tissue copes with stress. This is particularly well illustrated by the contribution of glucocorticoids in the gene induction of catecholamine biosynthesis-related enzymes (reviewed in Kvetnansky et al. 2009 ). Of a particular physiological relevance, expression of phenylethanolamine N-methyltransferase, the enzyme responsible for epinephrine biosynthesis, is glucocorticoid dependent (Tai et al. 2002) . Altogether, the appropriate orchestration of adrenergic response that is critical to challenge with stress implies a finely tuned coordination between both molecular, cellular, and tissular mechanisms.
Cross-Talk Between Synaptic Transmission and Gap Junctional Communication: Synergistic or Opposite Action?
Functional interactions between gap junctions and synaptic transmission occur in the adrenal medulla, like in the central nervous system where cross-talk between gap junctions and synapses is so pervasive that it is no longer tenable to investigate the mechanisms of neuronal signal integration without considering the intricate interactions between both systems of intercellular contacts. Obviously, adrenal gap junctional coupling undergoes a long-lasting up-regulation in physiological/pathological situations associated with impaired or immature synaptic transmission, indicating that under normal neurotransmission, synaptic activity exerts a tonic inhibitory control on gap junctional communication (Martin et al. 2003) . This crosstalk is not restricted to the adrenal medulla, since it also occurs in the nervous system, both in response to pathological situations and during postnatal development. In particular, gap junction-mediated intercellular communication between motor neurons undergoes sustained upregulation in response to peripheral nerve injury (Chang and Balice-Gordon 2000) . In developing motor neurons, gap junctional connections decline during postnatal development, likely due to an increase in glutamatergic synaptic activity, as evidenced by the finding that early postnatal blockade of the NMDA subtype of glutamate receptors arrest the developmental decrease in electrotonic and dye coupling during the first postnatal week (Mentis et al. 2002) . It is noteworthy that gap junctional communication and synaptic activity are not always regulated in an opposite manner. Interestingly and counter to expectations, in stressful conditions, the tonic inhibitory control is removed, allowing synaptic transmission and gap junctional communication to act in synergy to ensure a secretory response appropriate to the organism demand. To date, the cellular mechanisms shutting down this inhibitory control remain to be elucidated. As hypothesized by Colomer et al. (2009) , in case of a high nerve firing frequency, gap junctional communication would not act in synergy with synaptic activity, but conversely would counteract synaptic transmission and have a buffering and filtering action on signal propagation, to avoid a huge catecholamine release potentially harmful for the organism or even lethal.
Numerous evidences have been accumulated that the adrenal medulla stimulus-secretion coupling is finely tuned by environmental conditions. Strikingly, depending on the nature of the environment changes (i.e. birth, situations associated with impaired synaptic transmission, or chronic stress), adaptative responses carried out by the organism at the adrenal medullary level involve either opposite or synergistic remodeling of the cholinergic synaptic neurotransmission and gap junctional communication between chromaffin cells. The subtile combination with other mechanisms not reviewed here, such as paracrine or endocrine communication, enables in fine an organism to respond effectively to a threat for its survival.
